INTRODUCTION
Composite materials are being applied extensively in aerospace structures. New more damage tolerant composites are being evaluated as replacements for metallic materials in primary load bearing structure. An important technique for improving the damage tolerance of composites is the use of three dimensional fiber architectures. Three dimensional fiber architecture is a potential low cost solution to the development of cost effective composite structures.
With the use of composite materials as primary structure, there is an increased need for reliable NDE techniques for insuring their safety and reliability. These NDE techniques also yield valuable information on void content, fiber waviness and resin rich areas during the development of the new composite. Conventional NDE techniques, such as ultrasonic C-scans, lack the robustness necessary to accurately detect delaminations and porosity in new three dimensional composites. Therefore, new NDE techniques are required for insuring the integrity of these materials.
One of the major concerns with composite materials is its lack of inherent damage tolerance. This concern is partially due to the nature of impact damage in composites, where little or no front surface damage may be visible, whereas significant interior and back surface damage may be present. Since these structures are often only inspectable from one side, NDE techniques are required to detect and assess interior damage at the point of impact.
Ultrasonic and x-ray computer tomography (CT) techniques can both be used in assessing the impact damage in composites with through-the-thickness (TfT) reinforcement. Ultrasonics is a conventional technique for inspecting composite materials. Very thin air gaps completely stop the propagation of ultrasound, making it a primary candidate for detection of delaminations. While x-ray tomography may be difficult to apply in the field, it offers great potential as a technique for identifying failure modes and mechanisms associated with these complex fiber architecture materials.
Both volumetric ultrasonic and computer tomographic techniques were applied to the characterization of two impact damaged composites with through the thickness reinforcement. One of the samples had no visible damage on the impacted side. Select regions of the samples were imaged using both techniques and a comparison of the different images are made.
SPECIMENS
Two graphite epoxy composite laminates with TIT reinforcements were examined. They consisted of flat panels (6.6 x 10.2 x 0.7 cm) composed of 21 K filaments of AS4 carbon fibers. The dry preforms were infiltrated with 3501-6 epoxy resin and cured. The TIT reinforcement was carbon stitching yarn with a row and column spacing of 0.64 cm, creating a cell like grid. Sample # 1 consisted of 9 plies with a fiber orientation of [0/90/0/90/0/ 90/0/90/0]. The inplane fibers (i.e. 0 and 90 fibers) were not interwoven producing a noncrimped fiber architecture. The TIT reinforcement locked the layers together. Sample #2 had 48 plies of uniweave fabric with a [0/+45/90/-45112 fiber orientation and TIT stitching. The two architectures are illustrated in figure 1. The samples were impacted at approximately 168 rn/s using an air gun with a 1.27 cm diameter aluminum ball.
ULTRASONIC INSPECTION
All the ultrasonic data were collected in a water bath. For the 9 layer woven material a 5 MHz transducer with a 0.32 cm aperture was used. A 15 MHz transducer with a 0.64 cm aperture and 5 cm focal length was used for the 48 ply stitched material. The transducers were operated in a pulse-echo mode, excited with a square wave. The return signal was passed through a Time Gain-Compensated (TGC) amplifier, see figure 2. The signal was then sampled at a rate of 50 and 100 MHz for the 5 and 15 MHz transducers respectively, with a nominal 8-bit digitizer. A spatial sampling step of 0.1 cm was used. The recorded ultrasonic signal, f(t), is a convolution of the input waveform, g(t), and the material response function, h(t):-
The materials response function is evaluated in the frequency domain using fast fourier transforms thus H(w) is given by:-
By measuring the reflected signal off a brass plate G(w) can be obtained. Hence taking the inverse fourier transform of H(w) gives h(t) the material response function in the time domain. The function h(t) was then used to calculate the analytic signal and hence its magnitude, which has been shown to be proportional to the rate of arrival of the wave's energy [l] . This 3-D point by point data can then be used to image the sample either as a conventional horizontal B-scan or in a "movie" format, giving a ply by ply view of the vertical sample plane. For a more detailed discussion of the ultrasonic data analysis see reference [2] .
COMPUTER TOMOGRAPHIC INSPECTION
The computer tomographic images were collected using a third generation microfocus x-ray CT system. The microfocus x-ray source had a rating of 200 kV and operated at 150 kV with a nominal 50 11m diameter electron beam spot. The scintillator based x-ray detector package consisted of 8192 photodiodes spaced on 25 11m centers. The photodiodes were cooled to -40°C to minimize the effect of the dark current. A schematic of the system is shown in figure 3 .
The cr slice thickness is adjustable from 50-1000 11m using two pairs of tungsten collimators, which also serve to reduce the amount of scattered x-rays reaching the detectors. Both sets of collimators were opened to 720 Ilffi. Projection data were collected over one complete rotation of the sample, at 0.4 degree increments integrating for 10 seconds at each step. The projection data were corrected for the effects of dark current in the photo-diodes, x-ray intensity variations and electron beam spot movement. The corrected projection data were then rebined from the fan beam geometry of data collection to parallel beam projections and reconstructed using a backprojection method [3] . The final image of each sample was 1840 x 210 pixels.
RESULTS
The ultrasonic and CT images were compared at various locations relative to the impact point. Figure 4 shows sample #1 imaged at the impact point. The 9 plies present in sample #1 are clearly visible in the CT image together with a large void in the fourth ply. A delamination is seen extending out from the visible surface damaged region and continuing between the second and third plies of the composite. This delamination is also visible in the B-scan which was taken from the front (impacted) surface. There is also a semi-circular ring pattern observed in the CT image which is an artifact from the x-ray tomography system due to slight variations in the gains and offsets of the detectors. Schematic of x-ray tomography system. Sample #2 was imaged 14 mm above and below the impact point, figures 5 and 6. The B-scan images were again taken from the front surface. In both CT images delaminations close to the back surface of the sample are visible. The delamination below the impact point is also visible in the B-scan, however, above the impact point delaminations closer to the front surface of the sample shadow the back surface delamination. This effect is clearly illustrated in figure 7 which shows ultrasonic movie data in the vertical sample plane. The shape of the damaged area is clearly visible in the scan from the back surface but again is partially shadowed from the front surface. Above the impact point (figure 5) the delamination is visible to the left of the central impact point and below the impact point (figure 6) to the right of the central impact point. This is seen to correspond to the positions of the two lobes in the movie image .
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Comparison of ultrasonic B-scan(upper) and CT (lower) images of sample #1 at the impact point.
The CT image shown in figure 5 does not resolve the delaminations present in the sample close to the front surface, which are clearly seen in the ultrasonic image. It has already been noted that ultrasonic techniques are excellent at detecting thin air gaps. The reasons for the lack of resolution of these delaminations for the x-ray tomography system are discussed in the following section. Figure 8 shows a CT image of sample #1 taken 21 mm above the impact point. No damage to the structure is visible, however, the stitches of the woven composite are clearly seen. The "S" shape of the stitches is characteristic of this type of weaving.
SIMULATION OF DELAMINATIONS
Measurements discussed in the previous section indicate the thinner the delamination, the more difficult resolving delaminations is with the x-ray tomography system. For delaminations smaller than the pixel size in the tomography image, the resolvability is a function of the percentage change in the density of the pixel due to the delamination. The CT image of sample #1 taken 21 mm above the impact point. Note the "S" shaped stitches.
density resolvability depends on the noise in the tomography image, which in this case is dependent on the noise present in the x-ray projection data collected by the x-ray tomography system. To help determine the sensitivity of the system to noise, computer simulations of the x-ray tomography system were performed.
Simulations were performed using a computer code written at the University of Pennsylvania and referred to as SNARK 89 [4] . Graphite epoxy samples were modelled as a homogenous material of pure carbon. Delaminations were introduced of various thicknesses, 100, 60, and 20 11m. The effect of photon counting noise in the projection data on the final image was then studied for a 150 kV polychromatic x-ray spectrum taking 900 views over 360 degrees. The resulting images are shown in figure 9 . The 20 Jlffi delamination was only visible when the signal noise was 0.1 %. With signal noise of 1 and 3% both the 60 and 100 11m delaminations can be seen but the 20 11m delamination is not resolved.
SUMMARY
Both methods have been shown to image defects in these graphite epoxy composites. The ultrasonic images provide the clearest indication of thin delaminations between the plies. The CT images presented could not resolve these thin delaminations. However, a reason for this has been shown to be the poor signal-to-noise ratio of the projection data. This ratio can be increased in two relatively simple ways, firstly by increasing the counting time for each projection data set and secondly by increasing the source brightness. The CT images are, however, capable of detecting interior delaminations shadowed by near surface delaminations in the ultrasonic images.
CT images have also been shown to observe the TTT reinforcement stitching used to increase the damage tolerance of these materials. Voids were also observed in the CT images that were not identified in the ultrasonic images. The information on the voids loca- Simulation of CT images showing various width delaminations in carbon for 150 kV x-ray spectrum and 900 views. tion obtained from the cr image could be used to detennine if any anomalous ultrasonic signal response was being observed from the void. If this ultrasonic signal response could be quantified it would increase the infonnation available in the ultrasonic image. This may be an example where CT can be used to improve current NDE techniques even though its own application in the field may be restricted. One of the limitations for the use of CT for in-situ inspections is that access to both sides of the material is required since the measurement itself is a transmission one.
With the increasing use of these composites in aerospace structures the complexity of the part to be inspected will increase. This presents few problems for cr imaging provided the component remains within the field of view of the scanner. The field of view is defined by the region in which the object remains completely viewed by the detector array during rotation. Complex geometries present serious problems for ultrasonic images due to the reflections of the signal from the many interfaces.
